Background-There is limited information regarding the aortic root upper physiological limits in all planes in elite athletes according to static and dynamic cardiovascular demands and sex. Methods and Results-A cross-sectional study was performed in 3281 healthy elite athletes (2039 men and 1242 women) aged 23.1±5.7 years, with body surface area of 1.9±0.2 m 2 and 8.9±4.9 years and 19.2±9.6 hours/week of training. Maximum end-diastolic aortic root diameters were measured in the parasternal long axis by 2-dimensional echocardiography. Age, left ventricular mass, and body surface area were the main predictors of aortic dimensions. Raw values were greater in males than in females (P<0.0001) at all aortic root levels. Dimensions corrected by body surface area were higher in men than in women at the aortic annulus (13.1±1.7 versus 12.9±1.7 mm/m 2 ; P=0.007), without significant differences at the sinus of Valsalva (16.3±1.9 versus 16.3±1.9 mm/m 2 ; P=0.797), and were smaller in men at the sinotubular junction (13.6±1.8 versus 13.8±1.8 mm/m 2 ; P=0.008) and the proximal ascending aorta (13.8±1.9 versus 14.1±1.9 mm/m 2 ; P=0.001). Only 1.8% of men and 1.5% of women had values >40 mm and 34 mm, respectively. Raw and corrected aortic measures at all levels were significantly greater in sports, with a high dynamic component in both sexes, except for corrected values of the sinotubular junction in women. Conclusions-Aortic root dimensions in healthy elite athletes are within the established limits for the general population.
A thlete's heart is a physiological condition characterized by specific cardiac and circulatory adaptations to continuous training. Some theories suggest that one of these modifications could be aortic remodeling induced by hemodynamic load during exercise. However, very few studies have explored this issue. 1 A challenge surrounding aortic root dilation in athletes is the definition of the upper limits of this anatomic segment. Recent guidelines of the European Society of Cardiology state that aortic diameters do not usually exceed 40 mm. Similar values were found in 2317 Italian athletes assessed by M-mode echocardiography, where the upper limit of the aortic root was established in 40 mm for men and 34 mm for women. 2 However, current recommendations suggest the use of 2-dimensional (2D) echocardiographic measurements of aortic diameter rather than M-mode measurements. 3, 4 Another issue is that most studies have only categorized sports as either strength-type or endurance-type. 1 Nevertheless, Mitchell et al provide a more detailed classification determined by the static and dynamic components of each sport. 5 The aim of this study is to establish the physiological limits of aortic remodeling associated with prolonged and intense exercise training in a large population of healthy elite athletes, taking into account cardiovascular demands of each sport in terms of static and dynamic component as stated in Mitchell's sport classification.
Methods

Subjects and Study Protocol
The Sports Medicine Center is the medical department of the Spanish National Sports Council, where all athletes are referred for precompetition screening. All of them had competed at least on the national level, and most of them had also participated in international competitions (European cups, world championships, or the Olympic Games). All athletes Reference Values of the Aorta in Elite Athletes underwent cardiovascular evaluation, including medical history, physical examination, anthropometric measurements, 12-lead ECG, ergospirometry, and M-mode and Doppler 2D echocardiography (Data Supplement).
From January 1997 to December 2013, we evaluated 4596 consecutive athletes. All subjects had been participating in high competition level for 1 to 22 years. For this study, exclusion criteria were black ethnicity, [6] [7] [8] sexual immaturity (ages under 18 years for male and 16 years for female), 9 bicuspid aortic valve, marfanoid manifestations, 10 aortic aneurysm, left-to-right shunts, peak aortic gradient >15 mm Hg, moderate to severe aortic or mitral regurgitation without valvulopathy, systolic blood pressure ≥140 mm Hg, diastolic blood pressure ≥90 mm Hg, second-and third-degree atrioventricular block, and nonphysiological left ventricular (LV) hypertrophy defined as mean wall thickness ≥13 mm. The final population comprised 3281 athletes (2039 men and 1242 women). From the first screening they underwent at our Institution to the final follow-up, an interval between 0.5 and 17.5 years elapsed (mean follow-up 10.2±2.1 years). None of them presented sudden cardiac death during follow-up. Athletes were engaged in a broad spectrum of 54 different disciplines, grouped according to modified Mitchell's classification. Seven sports did not appear in the initial classification (mountaineering, freestyle skiing, ski touring, futsal, motorboat racing, modern pentathlon, and waterpolo) and were categorized by consensus between 3 sports-medicine experts ( Figure 1 ).
The study was approved by the Ethics Committee of Fundación Jiménez Díaz. All participants provided written informed consent.
Echocardiography
Integrated M-mode and 2D studies were performed according to 1989 guidelines recommendations and then validated by new guidelines from 2005. 11, 12 Echocardiographic and Doppler studies were performed using the Toshiba SSH-140A (Toshiba Medical Systems, Tochigi, Japan) equipped with 2.5-and 3.75-MHz probes, Philips SONOS 7500 (Philips Medical Systems, Bothell, WA) equipped with 1-to 3-MHz probe, and Toshiba ARTIDA (Toshiba Medical Systems, Tochigi, Japan) echocardiograph systems with a 2-to 4.8-MHz probe. Images were obtained at conventional planes (parasternal long and short axis, apical, subcostal, and suprasternal views). Measurements were taken perpendicular to the axis of blood flow and included the largest aortic diameter. Aortic measurements were made from a 2D parasternal long-axis view at the following sites using the inner edge-to-inner edge convention ( Figure 2 ): (1) aortic valve annulus (AoA), (2) maximal diameter of the sinuses of Valsalva (AoSV), (3) sinotubular junction (AoSJ), and (4) maximal diameter of the proximal ascending aorta (AoPxA). Aorta was also measured using M-mode (AoM) in an intermediate position between AoA and AoSV. Raw and body surface area (BSA)-corrected values were used for analyses. 3, 12 Aortic dilation was suspected when any measure exceeded the upper limit of the 95% confidence interval of the overall distribution (Data Supplement).
Incremental Stress Test
Athletes performed ergospirometry test with incremental protocol. Depending on the discipline, the test was carried on treadmill, cycle ergometer, or rowing ergometer (Data Supplement).
Statistical Analyses
The analyses were conducted using SPSS 20.0. Distribution is presented as box plots. Results are expressed as mean±standard deviation (SD). A descriptive study was conducted according to sex (mean, SD, and 95th percentile). A Student's t test was used to compare data between sexes, and a 2-way analysis of variance with Bonferroni post hoc test was conducted to examine possible differences between groups categorized according to Mitchell's classification system. Evaluation of potential predictors of the aorta dimensions was assessed using a multiple regression method and the stepby-step method. The following variables were included in all models: age, sex, weight, height, BSA, LV end-diastolic volume, LV mass, left atrial anteroposterior diameter, left atrial superoinferior diameter, right atrial superoinferior diameter, maximum oxygen consumption (VO 2 max), cardiac output, systolic blood pressure, diastolic blood pressure, and heart rate. A 2-tailed P value ≤0.05 was considered significant.
Results
The study included 3281 elite athletes, 2039 of whom were males and 1242 females. Demographic characteristics are presented in Table 1 . Men were older, taller, and heavier than women. No difference in training regimen was present between sexes (19.2±9.9 hours/week in women versus 19.1±8.7 hours/ week in men [P=0.95]), but men had more years of experience in their respective sports. Resting heart rate was lower in males while blood pressure and VO 2 max were higher. All raw values obtained from echocardiography were greater in men. After normalizing for BSA, most dimensions remained higher in men, except for left ventricular end-diastolic diameter and atrial measures, which were higher in women ( Table 2) . Ejection fraction was greater in women, though cardiac output was higher in men. E and A waves were greater in women.
Distribution of all inner-inner aortic measures according to M-mode and 2D echocardiography was symmetrical and had a small interquartile range ( Figure 2 ).
All raw aortic inner-inner root measures of men were larger when compared with those of women (Table 3 ). After normalizing for BSA, AoA was greater in men and AoSJ and AoPxA were greater in women. In our cohort, 37 males had aortic diameters ≥40 mm (1.8%). In 15 cases (0.7%), the aorta was enlarged at the level of AoM, none at AoA, 34 (1.7%) at AoSV, 2 (0.1%) at AoSJ, and 4 (0.2%) at AoPxA. Meanwhile, 19 females had aortic diameters ≥34 mm (1.5%). Of these, 6 aortas (0.5%) were enlarged at AoM, none at AoA, 14 (1.1%) at AoSV, none at AoSJ, and 2 (0.2%) at AoPxA. None presented cardiovascular complications during follow-up. Dimensions at AoSJ were similar to those of AoA, reflecting that the morphology of all aortic roots evaluated remained preserved. The upper limit of aortic size (95th percentile) at each location is described in Table 3 . 
Multiple Regression Analysis
Aortic root dimensions' predictors with lowest P values for each aortic plane are shown in Table 6 . The best predictor for all measures was LV mass, especially in AoM, AoA, and AoSV.
Discussion
We demonstrate that aortic root in healthy elite athletes is within the established limits for the general population.
Elite athletes are constantly exposed to unique conditions of physical exertion. Similar characteristics of age, height, BSA, 1 training regimen, 13 duration, 14 resting heart rate, 14, 15 and VO 2 max 16 were found in other studies of the same type.
There is limited information regarding the size of the aortic root in elite athletes. According to a meta-analysis by Iskandar et al, 1 23 studies have been published on this type of population, but in 11 of them, the only measurement recorded was AoA, 8 studies only measured AoSV, and both measures were taken in 4 studies. The only study that measured the aorta in the 4 planes of 2D echocardiogram was that by D'Andrea et al. 17 In our study, 5 measures were performed: one in M-mode at an intermediate point between the valve plane and the aortic sinuses in accordance with the standards of the American Society of Echocardiography 12 and 4 in 2D (AoA, AoSV, AoSJ, and AoPx) following the recommendations of Roman et al. 3 The raw and corrected mean values of the aorta in all planes were within the normal range for the general population. 3, 12, 18 The smaller size of the aorta was found at the AoA level, with 21.6±2.7 mm in women and 25.5±3.3 mm in men; this is likely because of the fact that it is part of the fibrous skeleton of the heart and probably suffers less remodeling with training. 1 The largest dimension was found at the AoSV level, with values of 27.2±2.8 mm and 31.6±3.6 mm in women and men, respectively, probably because of the increase of elastic fibers in the ascending part of the AoSV, in contrast to AoSJ, which has a greater presence of collagen type I, with greater tensile strength. No differences were found in corrected values at AoM and AoSV between men and women, thus, coinciding with the findings of Roman et al. 3 When comparing the values of our study with those obtained by Iskandar et al, 1 AoSV values were found to be similar in men (31.6±3.5 versus 31.6 mm [95% confidence interval, 30.2-33.1]). Our values in women were higher (27.2±2.8 mm), but within the range of those of Iskandar (25.1 mm [95% confidence interval, 22.9-27.3]). AoA values were lower in men compared with Iskandar's, 25.4±3.2 mm versus 30.8 mm (95% confidence interval, 29.9-31.8). This difference may be a result of the method used (2D versus M-mode), where an estimation error of ≤2 mm may occur. 4 Dimensions obtained at AoM in men (30.3±3.3 mm) were at the midpoint between the measurements of AoA and AoSV; this reinforces the concept by which values are secondary to the method of measurement. The meta-analysis by Iskandar 1 showed no data at AoA in females because of insufficient studies performed in this group. Such a key limitation is solved in our study, which includes the largest series of female athletes ever published (n=1242 women).
D'Andrea et al 17 showed similar values for AoA and much greater values for AoSV, AoSJ, and AoPxA than our measurements in the total athlete population. These authors found mean values of 33 mm (range 28-42 mm) at AoSV, 31 mm (range 26-37 mm) at AoSJ, and 33 mm (range 28-39 mm) at AoPxA. There were then differences of 3.1 mm for AoSV, 5.9 mm for AoSJ, and 7.4 mm for AoPxA as compared with our population. To a certain extent, the variability found could be explained by several factors. In the first place, only 2 types of groups-endurance and strength-trained athletes-were used by the aforementioned study, whereas our study population included a wide spectrum of 54 sports disciplines. Second, different measurement techniques were used: leading-edge was used by D'Andrea versus inner-inner convention in our case. Third, results obtained by D'Andrea have to be considered with caution because no SD was presented, and results were equal to and over the 95th percentile for AoSJ and AoPxA, respectively, of the interquartile range of our population. Because D'Andrea described aortic root values for endurance and strength groups mixing men and women, we cannot make a comparison of these groups with our groups with high dynamic and static component, respectively.
To our knowledge, there are no studies in athletes comparing the 5 measurements according to sex or BSA in literature. Additionally, it should be noted that if only 1 or 2 measures of the aortic root are performed, over-or underestimation may occur because we could miss an aortic dilation distal to the supra-aortic ridge, and such dilation may constitute a risk factor for cardiovascular complications because of aortic dissection, especially in sports causing higher hemodynamic loads.
Limited information exists about the behavior of the aorta as a function of the dynamic or static component of each sport. Iskandar et al 1 showed that male endurance athletes had greater AoA diameters in comparison to strength athletes and controls, thus, echoing our findings where greater aortic sizes were found for each plane in athletes participating in sports with a high dynamic component. However, athletes in category B had lower corrected values than those in category A, which could be attributed to low aerobic training and greater importance of technical aspects in group B. It is also important to remember that Mitchell's sports classification only considers VO 2 max during competition, though some disciplines may have different cardiovascular demands during training. Regarding the static component and aorta diameter, BSA seems to influence the size of the aorta. Raw values were greater in group II, which included sports with a large BSA like basketball, rugby, and swimming. However, after correction for BSA, the opposite occurs, and group II contains smaller BSA values. No differences between group I and III were found. A possible explanation for this is that category I includes sports like tennis, squash, field hockey, and soccer, requiring lower demands of strength during competition while higher loads of strength are applied during training. In Iskandar's study, 1 strength athletes showed a nonsignificant trend toward greater dimensions at AoA than controls. Contrasting with our findings, D' Andrea et al 17 described that strength athletes had higher diameters than endurance athletes at all levels. The strongest predictor of aortic root size was LV mass. This finding seems logical because LV hypertrophy is a sign of endurance adaptation. Age and BSA were also predictors, but to a lesser degree. Although VO 2 max or cardiac output are increased in athletes, neither of these factors seems to influence aortic root size. A possible explanation could be that both variables also depend on other multifactorial components.
Some studies have highlighted the influence of BSA on aorta diameters; in fact, Roman's nomogram 3 is used by the American Society of Echocardiography and the European Association of Cardiovascular Imaging to establish normal parameters. However, other authors suggest a plateauing of BSA and height in ectomorph athletes. 2, 17, 19, 20 These authors consider that aortas >40 mm are rare, with an incidence between 0.26% and 1.2%. This suggestion is consistent with the results of our study, in which there was absence of aortic root dilation in sports like basketball (static category II) with very tall players. Even more, the same players showed the smallest corrected aortic values. For this reason, we must emphasize that aortic dilation is not attributable solely to training or body size, and other causes should be investigated when an athlete develops the disease.
Current ESC guidelines on the diagnosis and treatment of aortic diseases established the upper limit for aortic remodeling in male athletes at 40 mm and 34 mm in female athletes. But this is only based on M-mode measurements and considering the 99th percentile. We suggest that these values should be replaced with measures taken at the 4 planes of the aortic root in 2D echocardiography and using the 95th percentile as the upper limit because in statics, it is preferred to establish standards rather than 99th percentile because the latter is best fit to outliers.
Clinical Implications
Classic nomograms for aortic dimensions are designed for the general population, 3, 8 but there are no nomograms for elite athletes. Based on the data from this study, we can define the normal range for elite athletes and establish the z score to assess if the aorta of a given patient is enlarged. To do this, we must use data from athletes in the same category of the modified Mitchell's classification and use this equation: (Ao measurement obtained−mean Ao measurement at the reference table)/SD at the reference table). If the z score is >2, it can be considered that there is an enlargement of the aorta at that level as compared with that of our population of healthy athletes. Thus, this enlargement cannot be attributed to the sport activity, and the existence of a cardiovascular disorder should be considered. Raw and BSA-corrected aortic root dimensions for all Mitchell's category groups are shown in Tables 4 and 5 .
This is the first research in a large cohort of healthy elite athletes that sets reference values for all the aortic root plains recommended by the American Society of Echocardiography and the European Association of Cardiovascular Imaging and which accounts for the cardiovascular demands of each sport in terms of the static and dynamic components contained in Mitchell's classification. 4 It demonstrates that aortic root in elite athletes is within the limits established for general population. The clinical implication of these results is that marked dilation of the aortic root in elite athletes cannot be attributed to height, body surface, or training alone, and complementary exams should be performed.
Study Limitations
Limitations regarding our investigation included the lack of a control group. However, the large number of athletes made it possible to generate reference values. Black ethnicity athletes were excluded from the study population because of different anthropometric dimensions 6 and different cardiac adaptations, as we described previously. 7, 8 All the aortic measures were performed with the inner edge-to-inner edge method. Current 2015 guidelines for general population recommend only measuring inner edge-to-inner edge for the aortic annulus and the leading edge-to-leading edge convention for all other aortic root measurements. Regarding this concern, in the recruitment period of our study (from 1997 to 2013), it was not defined how to measure the aorta in 2D. Furthermore, because healthy athletes' aortic wall layers are not calcified, there is no acoustic blooming, and inner edge-to-inner edge measures are easily obtained. Finally, we have not performed serial echocardiograms on the athletes after completion of their competitive One to four variables model in a step-by-step method, including adjusted R 2 according to the successive steps and final estimated error. AoA indicates aortic valve annulus; AoM, anteroposterior aortic diameter in M mode; AoPxA, proximal ascending aorta; AoSJ, aortic sinotubular junction; AoSV, aortic sinuses of Valsalva; BSA, body surface area; DBP, diastolic blood pressure; and LV, left ventricle. Reference Values of the Aorta in Elite Athletes stage and, thus, cannot assess whether there are any changes in the measurements of the aortic root on detraining.
Conclusion
Aortic root does not have the same degree of physiological adaptation to training as other structures of athlete's heart. An athlete's heart barely shows dilation with dynamic training and exhibits virtually no change with static training. Marked dilation of the aortic root cannot be attributed to height, body surface, or training alone. It seems reasonable to start complementary exams to rule out pathology in elite athletes with measures above the 95th percentile for their sport.
